The results of sap flow continuous measurements by a tree-trunk heat balance method (THB) on beech model trees are analysed in this paper. Experimental research works were carried out in a mature mixed fir-spruce-beech stand in the research area Po¾ana -Hukavský grúò (ϕ= 48 o 39´, λ = 19 o 29´, H = 850 m a.s.l.) in UNESCO Biosphere Reserve on two co-dominant and one sub-dominant beech trees. A mathematical model of daily transpiration dynamics was proposed for a quantitative analysis of the daily course of sap flow intensity. The model works on a one-tree level and enables to consider the influence of the tree social position in the stand on the sap flow intensity of model beech trees and to express the dependence of sap flow intensity on the tree height and crown projection.
The climate changes have aroused interest in processes controlling the exchange of water and carbon between vegetation and atmosphere. Atmospheric CO 2 enrichment tends to lower tree stomatal conductance, and this phenomenon reduces tree transpiration rates. CO 2 enriched plants possess a larger leaf area to lose water. It is not known how these competing phenomena influence the depletion of soil water and subsequent productivity of trees when water limits their growth. A key to understand any complex system is the assessment of its components and their accurate quantification by applying suitable methods and techniques. The next step is parametrisation and modelling used to test a new hypothesis and to make predictions for new scenarios.
The measurement and modelling of water consumption by trees in mixed forests with vertical differentiation is much more complicated than in homogeneous forest stands. The amount of water transpired per tree is determined mainly by the green leaf area of the tree and solar radiation incident upon the tree leaves. To measure tree transpiration on a whole-tree level it is convenient to use the tree-trunk heat balance method (THB) that represents direct integrative volumetric measurements of sap flow rate (ÈERMÁK et al. 1976 (ÈERMÁK et al. , 1982 KUÈERA et al. 1977; CIEN-CIALA et al. 1994) .
In recent years, considerable efforts have been made to improve methods for transpiration estimation. Recent mathematical models of water exchange between vegetation and atmosphere take into account the existence of two sources of water: leaf area and soil surface (CHOUDHURY, MONTEITH 1988; IRITZ et al. 1999; SHUT-TLEWORT, WALLACE 1985; TORULA, HEIKINHEIMO 1999; WALLACE et al. 1990 ). Originally, all models based on this methodical approach are designed for the whole canopy. The attempts to simulate the transpiration of an individual plant or tree are very rare. Mathematical modelling of transpiration of an individual plant can be mentioned in this context (BICHELE et al. 1980) . Consequently, further effort is needed to improve the understanding of interrelations between the water regime of an individual tree and environmental factors.
The aim of this paper is 1. to quantify the amount of water transpired through beech trees of various social position in the forest stand during the day, month and vegetation period, 2. to propose a mathematical model of daily transpiration dynamics working on a one-tree level enabling to consider the influence of tree social position in the stand on the sap flow intensity of model beech trees.
MATERIAL AND METHODS
Site description and plant material. Experimental research works were carried out in a mature mixed firEstimation of beech tree transpiration in relation to their social status in forest stand spruce-beech stand (Abieto-Fagetum) (Acer psedoplatanus L.). The stand is vertically differentiated, completely closed from the end of May to the end of September, the projected leaf area index (LAI) was 5.89 in June. The size frequency distribution of beech trees is shown in Fig. 2 .
Measurements of sap flow rate. The sap flow of model beech trees was estimated by direct non-destructive and continuous measurements by the tree-trunk heat balance method (THB) with internal heating of xylem tissues and sensing of temperature. THB method involves the heating of a xylem segment using 35 electrodes inserted in the conductive system. The arrangement of measuring points was as described by ÈERMÁK et al. (1976 ÈERMÁK et al. ( , 1982 and KUÈERA et al. (1977) . The temperature difference between the heated and unheated part of xylem was monitored by a battery of four copper-constantan thermocouples according to ÈERMÁK and KUÈERA (1981) . The output from the thermocouples was measured using a data logger and the mass flow was obtained by simple calculation based on the differential heat balance equation (KUÈERA et al. 1977 ). There were two measuring points at the opposite sides of the trunk at a 2m height to record possible variations in the sap flow within the stem caused by variability in xylem width. The measuring points were insulated using 30mm polyurethane foam covered with a 0.5mm aluminium shield. The insulation covered about 1 m of the trunk length. The whole installation was covered with plastic foil fastened in a watertight manner to the bark surface above the measuring points. The sap flow instruments were made in Ecological Measuring Systems (Brno, Czech Republic). The measurements of three representative beech trees are presented for the growing season 1996 (from 1 May to 20 October). The mensuration variables of representative trees are given in Table 1 .
Measurements of the microclimate. Air temperature, air humidity, global radiation, wind speed and precipita- tion were measured in 10-minute intervals above the investigated stand (3437 m above the ground) on a meteorological tower using DELTA-T equipment. Soil temperature was measured at a 0.1 m depth. Soil water potential was measured once a week with tensiometers at depths of 15, 30, 50 and 70 cm, at 0.5 and 1m distances from the trunks of representative trees. Mathematical modelling of transpiration rate.The theoretical analysis of transpiration rates for individual sample trees is based on a mathematical model of plant transpiration in the conditions of soil water deficit (BICHELE et al. 1980 ). The simulation model was constructed taking into account the most important interrelations in the soilplantatmosphere continuum (CHOUDHURY, MONTEITH 1988) . The idea of the model is based on Darcys law, continuity equation and the assumption that the effect of plant water reserve on transpiration can be neglected. The forest canopy is divided into one-metre horizontal layers. The sample trees are assumed to have cylindrical crowns with constant leaf area density. Taking into account these simplifications, the relationship between the soil water potential and transpiration can be written for each of the horizontal layers (BICHELE et al. 1980 )
where: ψ S soil water potential, g gravitational constant, r p internal resistance of trees, E transpiration, ψ L leaf water potential, parameter ß describes the root system of trees and hydrophysical properties of soil (BICHELE et al. 1980) .
Transpiration E depends on stomatal resistance and atmospheric factors according to PenmanMonteith equation (MONTEITH 1973) ) (
where: λ latent heat, R-P difference between net radiation R and soil heat flux P, ∆ temperature derivative of saturated vapour pressure, ρ density of dry air, c p specific heat of air at constant pressure, D vapour pressure deficit, r b boundary layer resistance, r s stomatal resistance between the whole layer of leaves and atmosphere.
Stomatal resistance is considered as a function of solar radiation intercepted by leaves Q L and leaf water potential ψ L (MATEJKA, HUZULÁK 1995) . This relationship is ex-
where: r 0 minimal stomatal resistance that corresponds to the conditions of high irradiation of leaves and to sufficient moisture content of soil.
Relationships (1), (2) and (3) form a system of three equations with unknown variables ψ L , r s and E that can be considered as a mathematical model describing the response of transpiration from sample trees to changes in soil, plant and atmospheric parameters.
Input data of the model can be divided into two groups involving the characteristics of soil, trees and atmosphere: 1. Directly measured data: global radiation, net radiation, wind speed, air temperature and humidity, tree height, crown projection, leaf area index and soil water potential. 2. Values calculated from directly measured data: boundary layer resistance, stomatal resistance for each of the horizontal layers of leaves. The resistances r b and r s were calculated according to the procedure recommended by CHOUDHURY and MON-TEITH (1988) . The parameters r 0 , m and ß were determined from experimental data obtained for the analysed beech stand.
Running the model, the system of its governing equations (1), (2) and (3) was numerically solved for ψ L , r s , E in each of the horizontal layers of leaves, then the values of E were summarised to obtain the transpiration of the whole sample tree.
The measurements of global radiation, wind speed, air temperature and humidity above the canopy carried out in 15-minute intervals during the day 6. 1. 1996 were used as meteorological model inputs.
RESULTS AND DISCUSSION

Environmental conditions during the growing season
Average annual temperature (5.3°C) and precipitation total (921 mm) in 1996 were normal in comparison with long-term average. The weather was fairly typical of this location during the year and growing season. From the physiological point of view, the growing season was favourable (Fig. 3) . High average temperature in May (dT = +1.7°C) was compensated by a sufficient amount of precipitation (177% of the long-term average). Warm and humid May led to the earlier start of phenological phases growing and developing leaf (on 9 May) and physiologically adult leaf (on 16 May) than in other years. The phase of the physiologically adult leaf lasted for 134 days, which is important for the amount of transpired water and production of trees. Leaf development started in the lower parts of adult beech tree crowns and proceeded toward the top of the crowns. This phenomenon is also described in other papers (MC GEE 1986; TEFANÈÍK 1995) .
Weather conditions and soil moisture content have a strong influence on the amount of transpired water. Daily meteorological characteristics (global radiation, air and soil temperature, vapour pressure deficit, potential evapotranspiration) and soil water potential were presented by STØELCOVÁ and MINÏÁ (1998) .
The average air temperature values gradually increased (including short interruptions) from the beginning of the growing season and culminated in the first decade of June. With the formation of the west zonal air circulation in the second half of June and with its prevailing influence in July and partially in August, the average daily air temperatures dropped below the values recorded at the beginning of June. At the turn of August and September we recorded a sharp longer-lasting decrease in air temperature caused by the cold north-west advection. Daily averages of soil temperature at the depth of 10 cm showed a considerably smoother course than daily averages of air temperature and in summer the values ranged from 8 to 10°C.
Precipitation events were relatively frequent and uniformly distributed in time. Larger differences were recorded for precipitation amounts higher than 5 mm. This value can be considered as a benchmark limiting value when the penetration of precipitation water into the soil is assessed. Precipitation amounts measured in July and August were relatively low (besides small exceptions); it was reflected by the soil water potential values that gradually decreased from 100 hPa at the beginning of July to 800 hPa at the end of August. Frequent precipitation events at the turn of August and September resulted in the water re-saturation of soil and return of the soil water potential value to 100 hPa.
Taking into account the relationship between air temperature and potential evapotranspiration (PET), we calculated potential evapotranspiration according to TÜRC (1961) . PET values usually range in the interval from 0.5 to 4 mm. Average saturation deficit values (dE) show a very good coincidence with the seasonal PET course. The trend of soil water potential values at various depth of soil was similar (Fig. 4) . A decrease in the soil water potential in June was most significant at the depth of 30 and 50 cm as a result of water depletion by root desuction and intensive transpiration. Soil water potential decreased below 400 hPa in the second decade of June after a drought period. In spite of this fact the limiting soil water conditions for tree transpiration in June and July were not observed. According to PAPRITZ et al. (1991) beech transpiration is reduced when the soil water potential is lower than 700 hPa. Such low values (750 hPa) were recorded in the second decade of August.
Tree sap flow rates during the growing season
To compare the measured and simulated sap flow rates of co-dominant and sub-dominant sample trees, the data recorded under nonlimiting soil water conditions in June and July when the assimilating organs were fully grown, were used in this paper. The response of daily sap flow rate to average daily air temperature is high for sample trees and similar for co-dominant trees and sub-dominant ones (Fig. 5) .
The In spite of large differences in the amounts of water transpired by trees with various social position, the seasonal course of the sap flow rate of these trees was similar (Fig. 5) ; it was also confirmed by coefficients of correlation (from 0.93 to 0.97) between daily sap flow rates of sample trees. The beginning of extremely warm weather in the first decade of June caused a sudden increase in daily totals of transpired water in all three investigated individuals. Daily totals of transpired water as well as meteorological characteristics observed on extremely warm days are presented in Table 2 . In consequence of the extremely warm weather at the beginning of June the highest values of daily totals of transpired water for the whole growing season were recorded just in that period. Temperatures measured in July fell down below average values with a frequent occurrence of cold fronts. This variable character of weather also prevailed in August negatively influencing the transpiration rate. The highest daily totals were recorded during warm sunny days (June 8, 9 and 10) with high average daily air temperature and low wind speed. Under the influence of the west zonal air circulation the weather on the 11 th and the 12 th of June changed, it turned cold and precipitation amounts increased. This caused a decrease in the values of air saturation deficit as well as in daily totals of transpired water in all investigated individuals (Table 2) .
The transpiration in June was higher than in July, which corresponds with the higher average of air temperatures recorded in the former month (Figs. 5 and 6 ). In spite of the highest monthly average temperature recorded in August the transpiration of all three sample trees was lower than in June and July (Fig. 6) . It was probably due to a gradual decrease in the water potential of soil to the value close to 800 hPa at the end of the month, which also reflected a decrease in the available amount of soil water (Fig. 4) . Although the soil moisture content decreased, there was not observed any decrease in the transpiration rate during noon hours. The amounts of water transpired by sample trees during a month and during the growing season 1996 are presented in Figs. 6 and 7.
As the transpiration intensity of individual trees is influenced to a large extent by the amount of solar radiation incident upon the assimilating organs, the amount of water transpired by trees also depends on their social status in the forest stand. This fact was confirmed by LADE-FOGED (1963) in a beech stand in Denmark and by measurements carried out by ÈERMÁK and KUÈERA (1987) , who investigated a mature spruce stand in Bohemia. According to the quoted authors, the transpiration of subdominant beech trees was less intensive (their Table 2 . Daily sap flow rates and average daily air temperatures (Ta), global radiation (GR), vapour pressure deficit (dE), wind velocity (V), potential evapotranspiration (PET) and precipitation (R) during warm summer anticyclonic weather in the first decade of June and subsequent change to west zonal advection with precipitation in the second decade of June 1996 IV. V. VI. VII. VIII. IX. X. Month transpiration intensity represented on average 1030% of the transpiration intensity of co-dominant individuals). LADEFOGED (1963) explained this fact by the tree social status in the forest. According to his research dominant trees had higher transpiration per 1 m 2 of their leaf area than sub-dominant and co-dominant ones. He determined a dependence of transpiration intensity on the tree crown position for several tree species. Transpiration intensity was highest for dominant trees with wide crowns growing in the main layer of the stand. Whereas trees of the same height but with narrow and pyramidal crowns, whose main leaf biomass grew at lower layers, had considerably lower transpiration intensity. According to BAUMGARTNER (1956) the tree height has a decisive influence on transpiration intensity because potential evaporation, due to unlimited radiation and fastest air current, is highest nearly above the forest stand. Transpiration in the middle parts of the crown is lower considering that the air current is slower (MONTEITH, UNSWORTH 1990) . KRAMER and KOZLOWSKI (1979) use the term oasis effect that influences trees that overgrow the stand level. The transpiration intensity of exposed trees is increased because the advection, that means horizontal air current, supplies trees with energy from their surroundings that conditions the evaporation. The research carried out by KÖSTNER et al. (1992) in the forest stand of Nothofagus showed that three trees overgrowing the main stand level transpired 50% of totally transpired water from the research plot consisting of 14 trees. Similarly, HAIMANN (1995) found out in the spruce forest stand in Harz, Germany, that the spruce trees with smaller and overshadowed crowns had lower values of transpiration flow.
Mathematical modelling of transpiration rate for one sample tree
To verify the described model, the results of model simulations were compared with the respective measurements of sap flow carried out in June and July 1996 at the locality Po¾ana Hukavský grúò. The relationships between the measured sap flows and calculated transpiration rates for co-dominant sample tree No. 228 and subdominant sample tree No. 301 are presented in Figs. 8 and 9.
Sap flow and transpiration rate are in a close statistical correlation. It is proved by the correlation coefficients r 228 = 0.91 and r 301 = 0.92 for sample trees No. 228 and No. 301, respectively. The absolute coefficients in the regression lines are low and the slope of the regression lines approaches unity. Hence, the systematic errors of the model can be considered as negligible. The differences between measured and modelled values can be represented by the standard deviation 4.2 l/h in the case of the co-dominant tree and 0.93 l/h for the subdominant sample tree, which corresponds to probable errors 2.8 l/h and 0.6 l/h, respectively. As can be seen from Table 3 containing other statistical characteristics of compared entities, the characteristics of variability are also similar in both series of measured and calculated values with the exception of Errors of the model are caused first of all by simplifying assumptions used in the construction of the model. The model does not account for the dynamics of water storage in trees and for internal processes in plants that influence the behaviour of stomata and it can also be a factor of model errors. Nevertheless, the results of the statistical analysis of relationships between the measured values of sap flow and results of model simulations allow to conclude that the designed mathematical model can be applied to simulate the transpiration rates for individual sample trees with different social position in the stand.
Such model simulations were performed with the aim to analyse the influence of changes in the height of the tree and its horizontal crown projection on the daily dynamics of tree transpiration. It was a warm sunny day with relatively high evaporative demands of the air. The soil with moisture content in the root zone 30.9 percent by volume was sufficiently wet, so that the soil moisture was not a factor reducing transpiration. The daily courses of basic meteorological elements are presented in Fig. 10 . This set of meteorological data remained unchanged in all model simulations. However, the height of the tree changed gradually from 31 m to 37 m. Simultaneously the horizontal crown projection was adjusted in the range between 10 m 2 and 70 m 2 approximately proportionally to the height of the tree. Hence, the transpiration rates on the model output correspond to the chosen combinations of tree height and horizontal crown projection (Fig. 11) . As can be seen from the results of model simulations, the transpiration of beech tree is very sensitive to the differences in tree height. For example, the daily sum of transpiration in a model tree 34 m in height and with horizontal crown projection 40 m 2 does not exceed 50% of the daily sum of water transpired by a co-dominant tree 37 m in height. In a model tree 32 m in height and with horizontal crown projection 20 m 2 this ratio decreased to 22%. The course of transpiration curves in Fig. 11 is significantly smoother for lower trees, consequently, the influence of meteorological factors on transpiration is more intensive in co-dominant trees.
CONCLUSIONS
Taking into account the tree social status in the forest stand we can state that the transpiration of subdominant individuals represents 1030% of the transpiration values of dominant trees. In spite of the diametrically differ- ent daily transpiration totals of beech trees with different social status in the forest stand we can state that the curves representing the seasonal course of transpiration intensity in these trees have an almost identical shape, except for the spring foliation. This is also confirmed by the values of correlation coefficients of daily transpiration totals of individual trees (r xy = 0.930.99, at the level of significance α = 0.01, number of measurements 184). The value of daily transpiration totals of individual trees is proportional to their leaf area and their irradiation intensity. As the leaves of subdominant individuals get direct radiation only exceptionally, or none, the water consumption for cooling, especially on clear sunny days, is several times lower than that of co-dominant and dominant trees whose crowns are exposed to direct radiation during the day. The mathematical model of transpiration designed for one tree seems to be a suitable tool for the quantitative analysis of transpiration rates of trees with different social position in the stand. The results of model simulations allowed to better understand the decisive role of tree height and horizontal crown projection in the process of water transfer from the tree to the atmosphere. The results also showed that the transpiration rates of co-dominant trees responded more sensitively to changes in meteorological factors in comparison with sub-dominant trees. In spite of some limitations of model applications, this approach offers a good opportunity to quantify the relationships between the water regime of one tree in the stand and environmental factors.
Seasonal dynamics of tree transpiration is influenced to a great extent by climatic characteristics of the locality and by the weather course during the growing season. At the beginning and at the end of the growing season it has a dominant influence upon the beech foliage.
The above-mentioned facts and factors influencing the amount of water transpired by individual trees should be respected by practical silvicultural measures taken in forest stands as it is possible to influence the amount of solar radiation incident upon the crowns by thinning and thus the microclimatic conditions in the crown layer.
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